A realistic 3D seismic velocity model plays an important role in wave-propagation simulations for estimating ground motions from damaging earthquakes. In addition, the 3D velocity variations associated with sedimentary basins are particularly important. Recent updates on the Community Velocity Model (CVM) for southern California made through crustal-scale full-3D seismic waveform tomography (F3DT) have improved the basin structures substantially. The basin structures in the updated 3D velocity model CVM-S4.26 exhibit high correlation with surface geology, independent gravity measurements, and 2D controlled source tomography profiles. The improvements in basin structures are reflected in the much-improved fits between synthetic and observed waveforms that are sensitive to basin structures. Seismic-hazard analysis based on either empirical approaches or numerical simulations can potentially benefit from the improvements in basin structures in CVM-S4.26.
INTRODUCTION
Ground motion from potentially damaging earthquakes can be estimated from records of past events. However, the usefulness of this approach is limited by the availability of past groundmotion records. Computer simulations of ground motion for various earthquake scenarios in a realistic 3D seismic velocity model can potentially augment the database of past recordings and provide valuable information for seismic-hazard analysis (e.g., Graves et al., 2010; Wang and Jordan, 2014) , earthquake engineering, and earthquake-preparedness exercises (e.g., Jones et al., 2008) .
Experiences from past destructive earthquakes have underscored the importance of 3D variations in the seismic velocities in controlling the observed ground motion. Some of the most important 3D effects are associated with sedimentary basins. In southern California, many at-risk urban areas are situated on deep basins. Past wave-propagation simulations have demonstrated the importance of detailed 3D basin structures (e.g., the thickness of the sediments, 3D basin boundaries, velocity contrasts with basement rocks) and the coupling between earthquake ruptures and 3D basin structures in controlling the propagation and amplification of seismic waves (Graves et al., 1998; Olsen et al., 2006 Olsen et al., , 2008 Day et al., 2012) .
In the past, basin structures in southern California were calibrated using various techniques. Passive-source ray traveltime tomography (RTT) has been used to provide crustal-scale images of large basins (e.g., Hauksson, 2000; Lin et al., 2010) . Controlled-source seismic surveys were able to provide highresolution basin images, but the results are usually confined to a few 2D profiles (e.g., Lutter et al., 1999 Lutter et al., , 2004 Shaw et al., 2015) . Geological studies of the age and depths of sediments combined with sonic log data have been used to construct rulebased basin velocity models at locations where such data are available (e.g., Magistrale et al., 1996; Magistrale et al, 2000) . Geostatistical methods have also been applied to direct velocity measurements to construct basin models (e.g., Süss and Shaw, 2003; Shaw et al., 2015) .
The techniques for seismic tomography have been rapidly evolving in the past decade, partly driven by rapid advances in computing technology (e.g., Graves, 1996; Komatitsch and Tromp, 2002; Käser and Dumbser, 2006; Cui et al., 2010; Komatitsch et al., 2010; Mu et al., 2013) . The latest seismic tomography technique is full-3D seismic waveform tomography (F3DT), which uses fully numerical solutions of the 3D (visco) elastic wave equation to construct Fréchet kernels and is able to iteratively update the 3D velocity model by minimizing waveform misfits (e.g., Chen, 2011; Fichtner, 2011; Liu and Gu, 2012; Chen and Lee, 2015) . In this study, we show that crustalscale F3DT, using a large dataset combining both passive-source body-and surface-waveform data and Rayleigh waves on ambient-noise Green's functions, is now capable of providing high-resolution, high-accuracy 3D basin velocity models. The basin structures presented in this short note were imaged in our F3DT work that led to the Southern California Earthquake Center (SCEC) Community Velocity Model (CVM) v. S4.26. The technical details of this inversion were documented in Lee, Chen, Jordan, Maechling, et al. (2014) and an extensive validation of has been provided in Lee, Chen, Jordan, Maechling, et al. (2014) and . A quantitative resolution analysis of the entire nonlinear inversion, which involves 26 iterations, is still under study. However, based on checkerboard tests using the Hessian of the last iteration, Lee, Chen, Jordan, Maechling, et al. (2014) gave an upper bound of about 10 km in the upper crust. Analysis based on pragmatic approaches (e.g., comparisons with the SCEC Community Fault Model and many 2D controlled-source refraction models) shows that the resolution of the entire nonlinear inversion may have approached a few kilometers (about a quarter of the dominant wavelength used in the inversion) in regions with good data coverage (Lee, Chen, Jordan, Maechling, et al., 2014) . In this short note, we mainly highlight the detailed basin structures imaged in CVM-S4.26, make comparisons, and draw connections with results from previous studies.
COMMUNITY VELOCITY MODELS (CVMS)
SCEC has been supporting the development of CVMs through its Unified Community Velocity Model (UCVM) platform.
Currently, there are two major branches of 3D CVMs for southern California: the SCEC's version (CVM-S) and the Harvard model group's version (CVM-H).
CVM-S was constructed by embedding rule-based seismic velocity models of major basins in Los Angeles and Salton trough areas (Fig. 1c) within a background seismic velocity model determined from regional seismic travel-time tomography (Magistrale et al., 2000) . It was later improved by adding geotechnical layers on top of the basins, a laterally varying Moho interface determined from receiver function studies (Zhu and Kanamori, 2000) , and an upper-mantle model obtained from teleseismic RTT (Kohler et al., 2003) . The fourth version of this model is referred to as CVM-S4. CVM-S4 has been used in many wave-propagation simulations for different purposes, including the CyberShake platform (Graves et al., 2010) , studies of complex wave-propagation effects (Olsen Lee, Chen, Jordan, Maechling, et al. (2014) . (b) Maps of isostatic gravity anomaly, (c-e) Z 2:5 maps for three Community Velocity Models (CVMs) in southern California, and (f,g) enlarged isostatic gravity anomaly and Z 2:5 map of in the San Bernardino basin region. Some sedimentary basins absent in our initial model are numbered. Day et al., 2012; Wang and Jordan, 2014) , and supplement to ground-motion prediction equations (GMPEs) . A recent update has incorporated the perturbations obtained by applying 26 iterations of F3DT on CVM-S4, and the updated 3D model is referred to as (Lee, Chen, Jordan, Maechling, et al., 2014) .
CVM-H was also constructed by embedding high-resolution basin structure models (Fig. 1e ) within the regional seismic tomography model (Süss and Shaw, 2003; Shaw et al., 2015) . In the latest version, CVM-H15.1, the basin models were mainly determined using a large number of borehole data, sonic logs, 2D seismic reflection profiles, and a few 3D reflection surveys from various sources (Süss and Shaw, 2003; Shaw et al., 2015) ; the Moho interface was obtained from receiver functions and wide-angle reflection results (Yan and Clayton, 2007; Gilbert, 2012; Tape et al., 2012) ; the background crustal model was obtained through 16 iterations of F3DT based on the adjoint-wavefield method (Tape et al., 2009 (Tape et al., , 2010 ; the upper-mantle structure was determined through finitefrequency teleseismic surface-wave tomography (Prindle and Tanimoto, 2006) .
In this short note, we mainly focus on the basin structures in the three CVMs: CVM-S4, CVM-S4.26, and CVMH-15.1. Independent geological and geophysical observations such as surface geology, gravity observations, and controlled-source 2D refraction tomography profiles are used for comparisons. As we will see, in some regions, the differences in basin structures among the three CVMs are significant and these structural differences have large effects on the waveforms. Figure 1 shows the comparison of the isostatic gravity anomaly (Phillips et al., 1993) (Fig. 1b) with the Z2.5 map for CVM-S4 (Fig. 1c) , (Fig. 1d) , and CVM-H15.1 (Fig. 1e) . The Z2.5 refers to the depth of V S 2:5 km=s and has been used to estimate the depth of sediments for GMPEs (Campbell and Bozorgnia, 2008) . Sediment depths in the three CVMs are significantly different (Fig. 1) . Some basins that are well imaged in are completely missing or not as well imaged in CVM-S4 and CVM-H15.1, such as the Santa Maria basin (SMB), the Cuyama basin, the southern San Joaquin basin (SSJB), Owens Valley, Indian Wells Valley, the Santa Barbara Channel, Antelope Valley, Santa Monica Bay, and the San Bernardino basin (SBB). These low-velocity sedimentary regions in (numbered in Fig. 1c ) are fairly consistent with topography ( Fig. 1a) and with the low-value areas in the isostatic gravity anomaly map (Fig. 1b) . For many sedimentary regions in CVM-S4.26, the locations of maximum depths in the Z2.5 map (Fig. 1d) coincide with local minima in the isostatic gravity anomaly map, such as the SMB, SSJB, Owens Valley, Antelope Valley, and SBB. Different CVMs used various data, aside from or in addition to tomography, to construct the basin structures, so some basins in one CVM may have better resolutions at specific scale than the others. For example, the basins in inner California Borderland in CVM-H15.1 were parameterized using kriging techniques of velocity measurements (Shaw et al., 2015) . However, those basins in are purely improved by F3DT techniques from CVM-S4 without any other adjustments.
BASIN DEPTHS
The depths for some well-constrained large basins in CVM-S4 have been modified in CVM-S4.26. For instance, the Los Angeles basin (LAB) is shallower and wider in than it was in CVM-S4 (Fig. 1c,d ), which is in broad agreement to results in Chen et al. (2007) . The depths of some offshore basins in are substantially increased, compared with those in CVM-S4. These results are corroborated by the offshore basin models in CVM-H11.5, which used controlledsource surveys to constrain offshore basin structures (Shaw et al., 2015) . In spite of the fact that the offshore data coverage is relatively poor due to the limited number of stations on offshore islands (Lee, Chen, Jordan, Maechling, et al., 2014) , our F3DT inversion that led to was still able to construct many of the offshore basins that are mostly missing in our starting model CVM-S4. For instance, in CVM-S4.26, the sediments in the Santa Barbara Channel area (Fig. 1d) , which is in the structural downwarp of a fold-and-thrust belt, is much deeper than that in CVM-S4. This feature agrees well with geology and also gravity anomalies (Fig. 1) . Another example is the Santa Monica Bay Area in CVM-S4.26, which is highly consistent with that in CVM-H15.1 and also the gravity observations (Fig. 1) .
F3DTcan account for the nonlinearity of structural inversion through iterations. An important example is the SSJB, which is also missing in our starting model CVM-S4. The perturbation in the SSJB accumulated through all 26 iterations is over 40%, far exceeding the amount of perturbations that can be reached in one iteration of traditional linearized inversions. The fact that we were able to recover the SSJB in indicates that F3DT is an excellent seismic reconnaissance tool for discovering new basins.
BASIN BOUNDARIES
Many of the sedimentary basins in southern California are bounded by faults. By comparing with the Community Fault Model (CFM) (Plesch et al., 2007) , we found that in CVM-S4.26, boundaries of major basins agree very well with locations of mapped faults in southern California (Fig. 1d) . The western boundary of the Cuyama basin is in good agreement with the San Juan fault zone and the Ozena fault; the SSJB is bounded by SAF in the west and by the White Wolf fault (WWF) in the south; the western margins of Owens Valley and Indian Wells Valley coincide with the Sierra Nevada fault zone; the Antelope Valley is bounded by the SAF and the Garlock fault; the northern margin of the Santa Barbara Channel agrees well with the Arroyo Parida fault (APF); the SBB is bounded by SAF on the east and the San Jacinto fault on the west.
The velocity contrasts across the basin-bounding faults can have significant impact on seismic-wave propagation. For example, the large low-velocity anomaly associated with the SSJB in CVM-S4.26, which is mostly missing in the other two CVMs, may affect wave propagation from Parkfield, the epicenter of the 1857 M 7.9 Fort Tejon earthquake (Stover and Coffman, 1993) , to other regions in southern California. Another example is the low-velocity belt along the southernmost segment of SAF in (Fig. 1g) , which coincides with a low isostatic gravity anomaly (Fig. 1f ) . This low-velocity belt along SAF, which is absent in the other two CVMs, could potentially affect the excitation of the LAB caused by ruptures on the southernmost segment of the SAF in previous simulations (Olsen et al., 2006; Day et al., 2012) .
SMALL-SCALE BASIN STRUCTURES
Small-scale basin structures, previously seen only on expensive localized active-source refraction tomography images, can now be imaged in full 3D through regional crustal-scale F3DT. For example, the Los Angeles region seismic experiment (LARSE)-II 2D tomography profile shows that the sediments in the San Fernando Valley are 2-3 km deeper than those in the Santa Clarita Valley, which show about the same depth as San Fernando Valley in CVM-S4 (Fig. 2) (Lutter et al., 2004) . Along the same profile, shows similar structural features, whereas the other two CVMs do not. In the active-source tomography image, at about 2 km depth, a highvelocity ridge separates the low-velocity anomalies associated with the San Fernando Valley and the Santa Clarita Valley. A similar feature also exists in CVM-S4.26, but not in the other two CVMs (Fig. 2) .
The velocity contrasts between the sediments and the basement rock can have significant effects on wave propagation (Day et al., 2012) . In the LARSE-I 2D tomography profile, a sharp P-velocity transition from about 4.5 to about 7 km=s was imaged beneath the San Gabriel Valley (Lutter et al., 1999) . Along the same profile, shows a similar sharp transition to basement rock, whereas the other two CVMs appear to underestimate the velocity gradient. Figure 3 shows examples of three-component observed and synthetic seismograms with waveforms in which excitation is strongly dependent on basin structures. The hypocenters are located around, for example, the WWF, Northridge (NR), Eastern California Shear Zone (ECSZ), the southern San Andreas fault (SSAF), the San Jacinto fault (SJF), and the Elsinore fault (EF); these stations are located in the LAB with high seismic hazard. We picked those waveforms that are from source regions with high seismic risk (e.g., SSAF, SJF, and EF) or location of large historic earthquakes (e.g., 1952 M 7.3 Kern County earthquake near the WWF, Stover and Coffman, 1993; 1994 M 6.7 Northridge earthquake near NR; and 1992 M 7.3 Landers earthquake near the ECSZ).
BASIN-SENSITIVE SEISMIC WAVES
In general, synthetics computed using show significantly better fit to observed waveforms at frequencies up to 0.2 Hz. The laterally-homogenous 1D "SC model" (Dreger and Helmberger, 1993) , which has been used in routine moment tensor inversions by the Southern California Seismic Network (Clinton et al., 2006) , does not account for strong 3D velocity variations introduced by the basins. Therefore the large-amplitude, basin-sensitive waveforms are mostly absent on synthetics computed using the SC model. The two 3D models, CVM-S4 and CVM-H15.1, have basin structures built in and their synthetics show better overall agreement with the observed basin-sensitive waves. However, the detailed shapes of their synthetic basin waveforms still do not match those of the observed basin waves very well, especially for a source-receiver path that crosses several basins (e.g., Fig. 3 ; the path for 14155260-STS crosses the SBB, the Chino basin [CB], the San Gabriel basin [SGB] , and the LAB). At frequencies below 0.2 Hz, synthetics computed using CVM-S4.26 seem to provide the best fit to the observed basin-sensitive waveforms selected in this study. We note that basin structures are multiscale in nature and it is possible that the other two CVMs may provide better fits to observed basin waves at a different frequency band.
DISCUSSIONS AND CONCLUSION
The improved basin structures are potentially helpful in estimating basin amplification effects at the basin sites for seismichazard models. Various GMPEs have been derived from mainly strong-motion recordings of historic earthquakes, such as the strong-motion dataset of Next Generation of Ground-Motion Attenuation Models (NGA) project Power et al., 2008) . Most GMPEs have included the analytical results (Abrahamson and Silva, 2008) , regression-based estimates (Chiou and Youngs, 2008) , or analytical results with empirical corrections (Campbell and Bozorgnia, 2008) for amplification effects at soil sites. However, the sediment depth estimates (e.g., Z2.5) used in different GMPEs are not always very accurate. The improved basin structures in may potentially provide more reliable estimates of sediment depths for GMPEs in southern California.
CVM-S4.26 may potentially benefit simulation-based seismic-hazard models, such as the CyberShake platform (Graves et al., 2010) . SCEC has implemented the CyberShake for the Los Angeles region and the results reveal many features that cannot be captured by seismic-hazard models based on GMPEs (Graves et al., 2010) . However, the velocity model used in CyberShake calculations was our starting model, CVM-S4. The synthetic seismograms computed using provide substantially better fits to observed seismograms than CVM-S4, especially for basin-related waves (Fig. 3) . A CyberShake platform built on may provide hazard models with improved accuracy.
In addition to the basins, sedimentary channels (i.e., chains of low-velocity sediments) can also play an important role in channeling seismic energy and exciting unexpected strong ground motions due to waveguide effects (Olsen et al., 2006; Day et al., 2012) . Previous TeraShake simulations based on CVM-S3 have identified some strong waveguide effects caused by sedimentary channels in southern California. One example is the sedimentary channel at the Whittier Narrows. As shown in Figure 2 , velocity structures at the Whittier Narrows and the surroundings have changed substantially in CVM-S4.26. A few TeraShake-type simulations based on CVM-S4.26 may potentially change our understanding of the 3D sedimentary network in southern California and the associated waveguide effects. Numerical simulations studying basin-amplification effects (e.g., Olsen, 2000; Day et al., 2008) and basin-edge effects (e.g., Kawase, 1996; Graves et al., 1998) may also benefit from using CVM-S4.26 as the velocity model. In this short note, we provided an overview of the improved basin structures in CVM-S4.26. These improvements correlate well with other independent geophysical and geological studies. Synthetics of basin-sensitive waves computed using show substantially-improved fits to the corresponding observed waveforms. Seismic-hazard analysis and various other applications may potentially benefit from the improved basin structures in CVM-S4.26.
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